Resistin has been proposed as both an anti-adipogenic factor and an inducer of insulin resistance. During late pregnancy, white adipose tissue mass increases and insulin sensitivity decreases. To check for the involvement of resistin in these processes, we measured plasma resistin in pregnant and non-pregnant rats and in lactating dams. Plasma resistin increased by day 15 of pregnancy and remained high 5 days post partum. The simultaneous increase in plasma resistin concentration and the decrease in insulin sensitivity is compatible with resistin depressing maternal insulin sensitivity. Resistin expression increased 5-15 times in visceral white adipose tissue depots by day 8 of pregnancy but was similar to pre-pregnancy values by day 19. Resistin expression in the placenta and mammary gland was similar to that in the parametrial adipose depot by day 8 but was almost null by day 19. There was therefore a time-lag between the peaks in expression and in plasma concentration. White adipose tissue mass increased without changes in adipocyte size once peaks in resistin expression had passed, which is compatible with an anti-adipogenic role for enhanced resistin expression. A bolus injection of chorionic gonadotrophin -which peaks in early pregnancy -to non-pregnant rats increased resistin expression in white adipose tissue, indicating that this hormone is involved in controlling resistin expression. Resistin was not detected in cerebrospinal fluid. Our results have suggested a role for resistin in pregnancy.
Introduction
The traditional view of white adipose tissue (WAT) as a passive lipid storage organ has changed to a broader perspective following the recognition that white adipocytes release a wide range of signalling molecules. The physiological significance of many of these signalling molecules remains unknown (Frühbeck et al. 2001 , Trayhurn & Beattie 2001 , Guerre-Millo 2004 . One of these bioactive peptides, collectively termed adipokines, is resistin. Resistin was originally described as FIZZ3 (Holcomb et al. 2000) . Soon afterwards, Kim et al. (2001) identified it as an adipocyte-secreted factor that inhibits adipocyte differentiation in vitro. Simultaneously, Steppan et al. (2001) proposed it as a factor in the development of insulin resistance and renamed it resistin. This followed the observation that increases in expression and plasma levels occur in several models of obesity while the immunoneutralisation of plasma resistin with specific antibodies or a decrease in plasma levels with thiazolidinediones improved insulin action (Steppan et al. 2001) . Moreover, administration of resistin to mice or rats induces insulin resistance (Steppan et al. 2001 , Rajala et al. 2003 . However, the contrasting observation of diminished resistin expression in the WAT of obese animals (Juan et al. 2001 , Le Lay et al. 2001 , Moore et al. 2001 , Way et al. 2001 , Fujita et al. 2002 , Milan et al. 2002 together with the inhibition of expression by insulin in 3T3-L1 cells (Haugen et al. 2001 , Shojima et al. 2002 has cast doubt on the role of resistin in the development of insulin resistance. Additionally, in some physiological states related with an altered insulin sensitivity, no changes in resistin expression have been found , Puerta et al. 2002 . Nonetheless, mice lacking resistin show reduced hepatic glucose production, suggesting a role for resistin in glucose metabolism (Banerjee et al. 2004) .
During pregnancy, maternal and foetal growth is enabled by a substantial increase in food intake and substrate re-partitioning (Abelenda & Puerta 1987 , Herrera et al. 2000 . To this end, maternal insulin sensitivity evolves from an enhanced state during early pregnancy, allowing maternal growth, to an insulin-resistant state in late pregnancy, diverting substrates away from the mother for foetal growth. This latter 'catabolic state' (for the mother) is present during the last third of pregnancy (Leturque et al. 1986 (Leturque et al. , 1987 . Pregnancy is therefore a suitable model for studying natural changes in insulin sensitivity and the related endocrine factors. On the other hand, WAT depots increase their mass during pregnancy (Rocha et al. 2003) , so it is also a suitable model for studying adipogenesis. The aim of this paper was to test whether resistin expression or plasma concentration change during pregnancy and, if so, to relate those changes to corresponding alterations in insulin sensitivity and WAT mass.
Materials and Methods

Animals
Female Wistar rats weighing 180-200 g were housed at 22 C in individual cages, with water and food (A04, Panlab, Barcelona, Spain) freely available and with a 12 h light:12 h darkness cycle (lights on at 0800 h). The stage of the oestrous cycle was assessed daily to determine the reproductive status of the animals. To obtain pregnant animals or dams, a female was housed with a male for 4 h on the morning of oestrus. Mating was indicated by the presence of sperm in the vaginal smears. The day of mating was considered day 0 of pregnancy. Non-pregnant rats at di-oestrus were used to represent day 0 of pregnancy. Animals were cared for and used in accordance with the principles of the Council of European Communities (86/ 609 EEC).
Sample collection
At days 0, 8, 15 and 19 of pregnancy, animals were killed by decapitation between 1000 and 1200 h. Just before they were killed, cerebrospinal fluid (CSF) was obtained under halothane anaesthesia by inserting a 23 gauge butterfly needle into the cisterna magna. Only samples with no blood contamination were processed. Trunk blood was collected at the time of decapitation, allowed to clot, centrifuged to obtain serum and stored at -80 C until analysis.
Samples of parametrial, retroperitoneal and subcutaneous WAT depots from the left side of the animals were quickly removed, frozen in liquid N 2 and stored at -80 C until analysis of resistin expression. A piece of parametrial WAT was immersed in Bouin's fluid for histological examination. The corresponding right-side WAT depots together with the inguinal, periovaric and perirenal depots were also removed and weighed.
In 8-and 19-day pregnant rats, pieces of placenta and mammary gland were also quickly removed and frozen in liquid N 2 . In 8-day pregnant rats, the placenta is not fully developed so, for the purposes of comparison, the whole embryo together with the extra-embryonic membranes and the surrounding uterine wall were also collected and frozen. These tissues together are referred to as placenta in the rest of the paper.
A group of pregnant rats was allowed to deliver and a sample of blood from the jugular vein was collected under halothane anaesthesia at day 5 post partum. Pups were weaned at day 21 and a blood sample was again obtained at days 22 and 30 post partum.
Hormonal administration
A single i.p. injection of human chorionic gonadotrophin (hCG; Sigma, St Louis, MO, USA) was given to a group of non-pregnant rats in di-oestrous II at 0900-0930 h. They were killed 8 or 24 h later. Each animal received 200 IU in 140 µl phosphate-buffered saline. Controls received a similar volume of vehicle.
mRNA detection
WAT, placenta and mammary gland samples were homogenised in Ultraspec reagent (Biotecx Laboratories, Houston, TX, USA) to obtain total cellular RNA, based on the single-step method of Chomczynski & Sacchi (1987) . The procedures used for the fractionation, blotting and hybridisation of mRNAs together with a chemiluminescence detection protocol were carried out as described previously (Trayhurn et al. 1994) . In outline, RNAs were fractionated by agarose electrophoresis gel, transferred to a positively charged nylon membrane (Roche, Mannheim, Germany) by capillary blotting and cross-linked under u.v. light. Resistin mRNA was detected using a specific antisense oligonucleotide end-labelled 5 with digoxigenin (Oswel, Southampton, Hampshire, UK) as previously described (Puerta et al. 2002) . The membranes were incubated sequentially with the oligonucleotide and with an anti-digoxigenin FAB/alkaline phosphatase conjugate (Roche) and then processed essentially as described in the protocols provided by the manufacturer. CDP-star (Roche) was used as the chemiluminescence substrate. Signals were obtained by X-ray film exposure of the membrane (Hyperfilm ECL; Amersham Pharmacia Biotech, Amersham, Bucks, UK). Membranes were stripped and reprobed for 18S rRNA to adjust for any differences in the loading and transfer of RNA during blotting. 18S rRNA was detected using a 31-mer antisense oligonucleotide probe, as previously described (Trayhurn et al. 1995) .
Histology
WAT samples were placed in Bouin's fluid for 48 h and then stored in 70% alcohol at 4 C. After dehydration with increasing alcohol concentrations they were embedded in paraffin and sliced into 70 µm sections. They were stained with sequential immersion in haematoxylin and eosin. Adipocyte surface was measured in 150 cells from the same individual using the MetaMorph program (Universal Imaging Corp., Downington, PA, USA).
Serum and CSF resistin
Resistin concentration was measured with the human enzyme immunoassay kit developed by Phoenix Pharmaceuticals, Inc. (Belmont, CA, USA) whichaccording to the manufacturer -recognises rat resistin. Parallelism was tested and the results agreed with both the manufacturer and previous reports using the kit in rats (Chen & Nyomba 2003) . Serum was assayed as it was obtained. CSF was assayed either as it was obtained or after being lyophilised and re-dissolved in a 2 times smaller volume of buffer kit.
Insulin tolerance test (ITT)
Rats fasted for 2 h were injected i.p. with insulin (human insulin; 0·2 IU/100 g body weight; Lilly, Alcobendas, Spain) between 1200 and 1300 h. Blood samples (50-60 µl) were collected by tail snip at 0 min (just before insulin injection) and at 15, 30, 45, 60 and 120 min after injection. Serum was immediately separated and glucose analysed with the GOD-POD method by using diagnostic reagent kit (Spinreact, St Esteve de Bas, Gerona, Spain). The glucose disappearance rate (K ITT ) was calculated using the formula 0·693(t 1/2 ) (Lundbaek 1962) . The plasma glucose half-life (t 1/2 ) was calculated from the slope of the least-square analysis of the plasma glucose concentration during the linear decay phase. A high degree of correlation between the ITT and clamp studies used to determine insulin sensitivity has been shown previously (Bonora et al. 1989 ).
Statistical analysis
One-way ANOVA with time of pregnancy as a factornon-pregnant rats representing day 0 of pregnancy -was used for comparing K ITT , WAT depot mass and plasma resistin during pregnancy, adipocyte size and the optical density of the bands corresponding to resistin in Northern blots. A Student-Newman-Keuls (SKN) test was used for post hoc comparisons. One-way ANOVA was also used to analyse the effects of hCG administration. A two-way ANOVA for repeated measures was used for comparing body weight of pregnant and non-pregnant animals (pregnancy and time were the between-subject factor and within-subject factor respectively). Pair wise comparisons were done according to the Bonferroni method. Plasma resistin in dams was analysed by one-factor within-subjects ANOVA. Pair wise comparisons were done according to the Bonferroni method. P<0·05 was considered statistically significant throughout. In the Figures and Tables, differences have been indicated by a superscript so that data with an 'a' are different from those with a 'b' but are the same as 'a,b'.
Results
From early pregnancy (day 8), pregnant rats showed a greater body weight gain than non-pregnant animals ( Fig. 1) . The number of foetuses was 6-14. Figure 2 shows that insulin sensitivity -as deduced from the glucose disappearance rate after an insulin injection -changed during pregnancy, as expected. Thus, K ITT was higher by day 8 than by day 0. Later on, it decreased to reach the lowest level by day 19. Changes in main fat pad mass are depicted in Fig. 3 which shows how, during the first 15 days of pregnancy, there were no significant increases in fat mass in the five WAT depots considered. However, during the last 4 days considered -an interval of 15-19 days -there was a trend to increased fat mass. The increase reached statistical differences in parametrial, periovaric and retroperitoneal depots. Indeed, fat mass on day 19 was significantly higher than on day 15, when the five WAT depots were considered as a whole.
The adipocyte size in parametrial WAT of pregnant rats was measured at the times when resistin expression was highest and lowest. A representative microscopic image is shown in Fig. 4 which also shows that no change in adipocyte size took place between days 8 and 19 of pregnancy. Figure 5 shows representative Northern blots of resistin mRNA at different times during pregnancy, together with their relative abundance -depicted as arbitrary units. Three depots were analysed, the parametrial, retroperitoneal and subcutaneous. A 10-15 times increase was observed in parametrial WAT in early pregnancy. By day 15 it was still 5-10 times higher but it was similar to non-pregnant rats by the end of pregnancy. A 3-5 times increase was also recorded by day 8 in retroperitoneal WAT but no differences from non-pregnant rats were evident by day 15. Subcutaneous WAT did not show any increase in resistin expression in early or mid pregnancy but underwent a reduction by day 19.
Resistin expression was also analysed in tissues related to reproduction; namely, the placenta and mammary gland. The expression in these tissues was compared with that Figure 3 Changes in fat mass in visceral WAT depots in non-pregnant (day 0) and pregnant rats at different times during pregnancy. Each point represents the mean S.E.M. of eight rats. Different superscript letters mean P<0·05 when analysed by a one-way ANOVA using the SNK test for post hoc comparisons. obtained in parametrial WAT. Results obtained are depicted in Fig. 6 , showing levels of expression in parametrial WAT similar to levels in the placenta and mammary gland in pregnant rats at day 8. However, by day 19 of pregnancy the expression in the placenta and mammary gland was significantly decreased with respect to WAT.
Resistin concentration was measured in plasma at different times during pregnancy and in both lactating and non-lactating dams. Pregnancy altered plasma resistin. By day 8, the resistin concentration in pregnant rats was lower than that of non-pregnant ones but by days 15 and 19 of pregnancy it was higher (Table 1) . During early lactation, plasma resistin remained higher (Table 2) but by day 22 post partum -and 1 day after weaning -plasma resistin was similar to that of non-pregnant rats.
CSF was obtained from non-pregnant and pregnant rats but no resistin was detected in CSF either by processing as it was collected or after lyophilisation and redilution in a 2 times smaller volume.
In an attempt to find systemic factors modulating resistin expression and considering that plasma hCG increases and peaks in early pregnancy, hCG was administered to a group of non-pregnant rats. It produced a statistically significant increase in resistin expression in parametrial WAT 24 h after injection (Fig. 7) . However, no change in serum resistin was observed at that time (values not shown).
Discussion
Discovered 4 years ago in rodent WAT (Holcomb et al. 2000) , resistin has proven to be one of the most elusive adipokines. Initially proposed as an inhibitory adipogenesis factor (Kim et al. 2001) it was soon related to insulin resistance as a causative factor (Steppan et al. 2001) . Pregnancy is a model of physiologically driven alterations in insulin sensitivity that changes from an enhanced state in the first third of pregnancy to a reduced one in the last third (Leturque et al. 1986 (Leturque et al. , 1987 . At the same time, an increase in WAT mass takes place during pregnancy ( Rocha et al. 2003) . We measured resistin expression in three different WAT depots at three different times during pregnancy. A dramatic increase in resistin expression was found in parametrial (15 times) and in retroperitoneal (4 times) WAT depots by day 8 of pregnancy (Fig. 5) . As pregnancy progressed, resistin expression decreased in both depots so that it was similar to that of non-pregnant controls at the end of pregnancy. Since resistin has been found to be expressed in organs other than WAT, i.e. in mouse pituitary (Morash et al. 2004) , in the mammary gland (Steppan et al. 2001 , Komatsu et al. 2003 and in the human placenta (Yura et al. 2003) , we also analysed resistin expression in organs developed during pregnancy, namely, the placenta and the mammary gland (Fig. 6 ).
Resistin expression in both organs was as intense as that found in parametrial WAT by day 8 of pregnancy. However, it turned out to be much smaller than that of WAT by day 19. In other words, resistin expression in early pregnancy was very high in visceral WAT, the placenta and the mammary gland, showing similar levels of expression. As pregnancy progressed, it decreased, reaching basal levels by day 19 in WAT and even lower levels in the placenta and mammary gland. These results contrasted sharply with those obtained for plasma resistin in the same rats (Table 1 ). In fact, by day 8 of pregnancywhen resistin expression was at its highest level -plasma concentration was even lower than in non-pregnant controls. On the other hand, by day 19 -when resistin expression had returned to pre-pregnancy levels -plasma resistin was dramatically enhanced.
We looked for an explanation for the different timecourse changes in resistin expression and plasma resistin by analysing the possible contribution of every organ studied to enhancing plasma resistin at the end of pregnancy. In the case of WAT, to explain the inconsistency between low resistin expression and high plasma resistin found in several models of obesity (Steppan et al. 2001 , Way et al. 2001 , it has been argued that plasma resistin reflects the total number of adipocytes while resistin mRNA is related to fat cell size (Steppan & Lazar 2002) . When we measured the mass of parametrial WAT (Fig. 3) , we observed an increase between days 8 and 19 but no change in adipocyte size was recorded (Fig. 4) . These observations implied a higher number of adipocytes in late pregnancy with no change in adipocyte size. The increase in plasma resistin in late pregnancy could be due, at least in part, to a higher number of adipocytes. The contribution of the placenta to enhancing plasma resistin in late pregnancy is doubtful. In fact, although plasma resistin increased by days 15 and 19 of pregnancy, when the placenta is well developed, it remains enhanced 5 days post partum when the placenta was no longer present (Table 2) . Opposite results have been found in humans, where both placenta expression and plasma resistin increase at the end of pregnancy, placenta expression being even higher than that of WAT (Sagawa et al. 2002 , Ryan 2003 , Yura et al. 2003 .
The involvement of the mammary gland in the enhanced plasma resistin concentration in late pregnancy and during lactation is also uncertain. Although plasma resistin levels remained high in lactating dams and fell when suckling pups were separated from their mothers (Table 2 ), the expression in the mammary gland was so weak at the time of highest plasma levels that it is difficult to support a role for the mammary gland in enhancing plasma resistin concentration in late pregnancy and in lactating dams.
An alternative explanation that could reconcile the delayed peak in plasma resistin with peaks in expression could be either a long delay between synthesis and release or a reduced disappearance from serum (longer half-life) or both. Unfortunately, the present study did not deal with such possibilities. Moreover, this study does not rule out the contribution of other synthesising organs not considered in this work.
What might be the role of the increase in serum resistin in late pregnancy? Despite controversies about the role of resistin in governing insulin sensitivity, administration of resistin to male mice or rats induces insulin resistance (Steppan et al. 2001 , Rajala et al. 2003 . It seems, therefore, that the increase in serum resistin in late pregnancy could be a systemic signal to reduce insulin sensitivity, as found in this (Fig. 2) and previous studies. Moreover, plasma resistin remained elevated in lactating dams at peak lactation (day 5 post partum) when insulin sensitivity still remains diminished (Bell & Bauman 1997) .
What might be the role of the extremely high increase in resistin expression in visceral fat in early pregnancy?
There is evidence that resistin has an anti-adipogenic role both in vitro (Kim et al. 2001) and in vivo (Kim et al. 2004) . This paper has shown that WAT mass does not increase during the first 15 days of pregnancy, except in the last week, despite a continuous increase in body weight ( Figs  3 and 1 respectively) . It has also shown that the adipocyte size in parametrial WAT does not differ between early and late pregnancy. This indicates a higher number of adipocytes at late pregnancy, i.e. adipocyte proliferation (Fig. 4) . Thus, when resistin expression is greatly enhanced in visceral fat, no increase in fat mass takes place. These results are compatible with the anti-adipogenic role proposed for resistin. In short, it seems that in early pregnancy not only is there an increase in both food intake (Abelenda & Puerta 1987 , Rocha et al. 2003 and insulin sensitivity (Fig. 2) to allow maternal growth but an anti-adipogenic state also exists that prevents the deposition in the form of fat of the extra fuels ingested. This anti-adipogenic effect could be carried out by resistin acting locally. No role for the increased resistin expression in the placenta or mammary gland during early pregnancy was evident from the present results.
When we injected hCG into rats, an enhancement in WAT resistin expression was detected (Fig. 7) , but no increase in serum resistin took place. Since hCG appears in plasma as soon as pregnancy begins and its concentration peaks in early pregnancy (Lenton et al. 1981) , our results suggested that this hormone could enhance resistin expression at least in visceral fat, thus avoiding adipogenesis in early pregnancy. Later on, when hCG serum concentration falls, fat deposition for subsequent lactation could occur.
It has been hypothesised that resistin may be an adipose sensor for the nutritional state of animals since fasting reduces its expression in WAT while refeeding increases it (Kim et al. 2001 , Steppan et al. 2001 , Bertile & Raclot 2004 , Morash et al. 2004 . Accordingly, it could be a signalling molecule for hypothalamic centres involved in energy balance maintenance. However, we were unable to detect resistin in CSF even when it was concentrated at twice its initial volume. This does not unequivocally prove the absence of resistin in CSF. However, it demonstrates that, if present, its concentration would be lower than in plasma, indicating some sort of regulation for resistin going to the central nervous system.
In conclusion, resistin expression is enhanced in rat visceral fat, the placenta and the mammary gland during early pregnancy when no increase in fat mass takes place. It is suggested that it could act in WAT locally as an adipogenesis suppressor. hCG administration enhances resistin expression in visceral fat and is suggested as the agent responsible for the detected increases. In contrast, serum resistin increases in the third week of pregnancy and remains elevated at peak lactation. It could be responsible for the reduced insulin sensitivity during both pregnancy and lactation. Resistin was not detected in CSF.
